The organic spinterface describes the spin-polarized properties that develop, due to charge transfer, at the interface between a ferromagnetic metal (FM) and the molecules of an organic semiconductor. Yet, if the latter is also magnetic (e.g. molecular spin chains), the interfacial magnetic coupling can generate complexity within magnetotransport experiments.
Submitted to unexpected robustness paves the way for 1) integrating electronically fragile molecules within organic spinterfaces, and 2) manipulating molecular spin chains using the well-documented spin-transfer torque properties of the FM/NM bilayer.
The field of organic spintronics, which blends spin electronics with organic electronics [1] has recently received considerable attention [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] toward developing a new generation of spin devices for information technology applications. In contrast to the limited number of inorganic semiconductor candidates, the large number of available molecules can promote novel multifunctional devices that utilize exotic molecular properties such as spin crossover. [12] While molecular engineering conditions the fundamental electronic and optical properties of molecular films, deploying these properties within multifunctional (including spintronic) devices also requires appropriately engineering the interfaces between these molecules and metals.
A promising ingredient to achieve efficient organic spintronic devices is to utilize a ferromagnetic (FM) metal-organic interface. Indeed, first reports that spin-polarized charge transfer at this interface can magnetize the molecules' 3d sites [2, 3] were later augmented by experimental evidence that the conduction states across these interfaces are highly spinpolarized [8] at room temperature (RT). [13] [14] [15] This notably accounts for very high spintronic performance (tunnel magnetoresistance (TMR)>3000 % at 2 K) upon elastic tunneling between these organic spinterfaces, [16] and constitutes a generic property proceeding from the adsorption of organic material onto a FM surface. [13] [14] [15] Note that this low density of highly spin-polarized interface states (IS) at the Fermi level E F can help resolve issues of resistivity mismatch [17] toward efficient spin injection into organic semiconductors. [18] Unfortunately, the strong spin-polarized hybridization that accounts for the spinterface formation generates several challenges. 1) The congruent magnetic coupling at the FM/molecule organic spinterface can stabilize, at RT, the intrinsic correlations in the magnetic Submitted to fluctuations within a molecular spin chain, [19] as demonstrated for the Co/MnPc bilayer [10] .
This magnetic coupling generates complexity in understanding solid-state tunneling experiments across CoPc and H 2 Pc/MnPc nanojunctions. [20, 16] 2) Adsorbing molecules directly onto the FM surface severely limits the class of possible molecules and FM materials used. Indeed, wet deposition for instance would oxidize a transition metal FM electrode. Only a small subset of molecules can be sublimed under ultrahigh vacuum conditions required to maintain the FM surface properties. Finally, the large charge transfer upon molecular adsorption onto a transition metal surface can degrade a molecule's fragile electronic properties such as spin crossover. [21] At present, it does not seem feasible to assemble a FM metal/organic molecule spinterface that combines high spin polarization with the additional spin crossover functionality.
One solution to these challenges is to decrease molecular hybridization by adsorbing the molecules onto a less reactive nonmagnetic (NM) layer placed between the FM and molecular layers. This solution exhibits several conceptual advantages. 1) The charge transfer resulting from molecular adsorption onto a NM surface can still be sizeable enough to magnetize the NM layer [22, 23] through an effect called magnetic hardening. 2) An electronically fragile molecular property such as spin crossover can be maintained upon molecular adsorption onto a suitable noble NM layer. [24] 3) The underlying Co layer sets the NM/molecule interfacial magnetization through interlayer exchange coupling (IEC). In turn, the FM/NM bilayer's well-documented [25] spintronic properties (e.g. spin transfer torque) can potentially be utilized to study magnetotransport across the molecular spin chain, partly thanks to the reduced coupling between the FM layer and molecular spin chain here. This requires, however, that the IEC be sufficiently robust to stabilize [10] the molecular spin chain's exchange interactions.
Overall, while numerous studies deal with organic semiconductors directly deposited onto a FM substrate (see references above), only very little work on indirect magnetic Submitted to coupling of organic semiconductors exists. [26, 11] In particular, recent x-ray magnetic circular dichroism (XMCD) measurements have shown that the magnetism of Mn within Mn phthalocyanine (MnPc) molecules is coupled to the buried FM Co(001) layer across a separation layer of Cu. [11] However, these measurements could not evidence an induced magnetization [13] and/or spin polarization at the Fermi level, as predicted by DFT calculations, [11] on the other, numerous C and N sites that compose the interface. Furthermore, the physical mechanism of IEC, which was proposed to explain the spinterface formation, potentially places severe constraints on an industrial implementation of the effect. Indeed, this mechanism requires an ultrathin Cu layer with thickness control on the monolayer (ML)-level.
In addition, magnetic coupling at RT was only found for very low (up to 4 ML) Cu coverage.
As an echo to the crucial advances in knowledge, regarding the FM/molecule organic spinterface, that were 1) magnetization on the molecule's 3d site [2, 3] followed by 2) high interfacial spin polarization [8, [13] [14] [15] [16] , we expand knowledge of the NM/molecule spinterface atop FM beyond the magnetization of the single 3d site of the molecule [11] with a study of the spin polarization around the Fermi level resulting from all interface's atomic sites. We performed spin-polarized photoemission spectroscopy (SpinPES) measurements at room temperature of the Cu/MnPc interface atop Co. While the molecule's 3d site magnetization is stabilized by IEC to the FM and thus oscillates with NM thickness [11] , we find that the sign of the spin polarization near E F at the NM/molecule spinterface atop FM is independent of NM thickness. Furthermore, this spin polarization is high at RT, and remains high even for NM thicknesses reaching 10 ML. Ab-initio calculations show that interfacial hybridization involves the molecule's C 2p states with spin-polarized Cu 3d states at the Cu/MnPc spinterface atop Co, notably around E F . This could be associated with magnetic hardening effects [22, 23] .
We present in Fig. 1 (a-c) the spin-resolved electron distribution curves as a function of the electron energy E-E F for the three consecutive steps of the Co(001)/Cu/MnPc stack Submitted to fabrication. When studying only the Co(001) surface ( Fig. 1(a) ), we observe a strong imbalance of the spin-up and spin-down channels resulting from the FM Co layer, which reflects the strong negative spin polarization P of Co close to the Fermi level E F ( Fig. 1 (d) ). This is because Co is a strong ferromagnet, i.e. without spin-up d-electrons at E F . When Co is covered by 2.7 ML of Cu ( Fig. 1 (b) ), the spin-polarized signal is attenuated in both spin channels due to Cu. Additional photoemission intensity coming from Cu results in an overall reduction of the spin polarization ( Fig. 1 (d) ). The weak bump at about -0.8 eV energy in the spin-down channel is due to a negatively spin-polarized Cu quantum-well state (QWS; see SI). channel, and at around -0.8 eV in the spin-down channel (both indicated in Fig. 1 (c) ). These two features also appear in the spin polarization spectrum ( Fig. 1 (d) ). Against the backdrop of the Co-induced negative polarization, which is attenuated due to overlayer coverage, there appears around -0.25 eV energy a relative decrease in this negative polarization. Since this molecule-induced upturn is much stronger than in the neighboring energy ranges, we infer that the presence of the molecules is not merely suppressing the negative polarization of Co, but is yielding an additional positive polarization. We note that a similar reasoning was applied in the case of molecules directly deposited onto a ferromagnet. [13] [14] [15] To strengthen this point further, the data shown in the inset of if the IS is highly positively polarized, and can by no means be explained by the appearance of an unpolarized IS. Turning now to the IS at -0.8 eV, its negative spin polarization is undoubtedly revealed by the fact that the total spin polarization ( Fig. 1(d) ) changes sign from positive to negative around -0.8 eV energy.
To more directly evidence the highly polarized IS, we examine spin-polarized difference spectra so as to focus on the spin-resolved photoemission signal that arises from Submitted to both the interface and the molecular layers atop the interface. To extract this signal, we use a subtraction procedure that takes into account the molecule-induced attenuation of the Co/Cu substrate photoemission signal. This procedure and its justification are detailed in Refs. [13] [14] [15] . Figures 2 (a-c) show the energy dependence of spin-polarized difference spectra at RT for Co//Cu/MnPc stacks with three different Cu thicknesses (1.3, 2.7, and 7 ML). The intensity close to the Fermi level is dominated by a spin-up structure whose maximum is, depending on the Cu thickness, between -0.2 and -0.4 eV energy. The spin-down channel, on the other hand, exhibits a small gap. Consequently, the spin polarization of the interfacial electronic band structure is strongly positive close to the Fermi level for all three Cu thicknesses, as expected from the energy-dependence of the spin polarization of the total photoemission signal discussed previously ( Fig. 1(d) ). We surmise that the IS at -0.8 eV is more difficult to resolve within the difference spectra due to a much larger line width compared to that of the IS close to E F . This is compounded by an overall increase in background intensity in both spin channels due to molecular states.
For the measurement with 10 ML Cu thickness, we refrain -because of the reduced signal-to-noise ratio -from determining the spin-polarized difference spectra, and show instead in Fig. 2(d) the energy dependence of the spin polarization both for the Co/Cu reference and the molecule-covered stack. As seen for lower Cu thicknesses (see discussion of Fig. 1 (d) ), we also witness for 10 ML Cu coverage a strong molecule-induced upturn of the polarization at about -0.2 eV. We thus infer that the spin polarization of the interfacial electronic band structure is strongly positive close to the Fermi level. deposited onto Co. [13] To exclude any possibility of a direct contact between the molecules and the Co film, we utilized the extreme surface sensitivity of ion-scattering spectroscopy (ISS) to determine Cu ML coverage completion. The inset to Fig. 1(b) shows the evolution of the normalized Co peak area in an ISS experiment versus Cu thickness. The Co concentration at the surface decreases rapidly with Cu coverage: it is as low as 10 % for 1 ML of Cu, and negligible at 1.3 ML Cu. We can thus exclude any direct contact between the molecules and the Co(001) film in our SpinPES experiments with at least 1.3 ML Cu.
When organic molecules directly adsorb onto a ferromagnet's surface, it is believed that the IS results from the hybridization of the FM 3d states with the 2p states of the molecule (e.g. Refs. [7, 27] ), with a comparatively small contribution from a 3d molecular site if present. [6] Figure 3 Submitted to The hybridization of the molecule's p states with spin-polarized Cu 3 d states at the Cu surface, and their involvement within the spinterface formation, can thus explain the spin polarization of the IS at RT regardless of Cu spacer thickness up to at least 10 ML. As a note, QWS would contribute a negative spin polarization to that of the Cu/MnPc interface due to boundary conditions [28] in contrast to the positive spin polarization of the IS close to E F .
Moreover, the energy position of the QWS depends on the Cu spacer thickness, and is expected to cross the -0.2 to -0.4 eV energy range of the IS only for 4.5 and 9 ML Cu interlayer thickness, [29] yet we observe that the energy position of the spin-polarized IS is only weakly changing with Cu thickness. Nevertheless, experimental photoemission parameters such as the collection angle, photon energy and reciprocal space point can condition the strength of the QWS-induced modulation of spin polarization, including an eventual sign change. [30] [31] [32] We also emphasize that the oscillation in sign of magnetic coupling between the molecule's Mn 3d site and the Co layer [11] concerns the spinterface's entire DOS, while we are only considering here the spin-polarization of the DOS near E F within a limited k space around the Γ point. We thus conclude that 1) QWS cannot alone explain formation of the NM/molecule spinterface atop FM due to the thickness independent behavior of the IS; and 2) that this organic spinterface stems from features of the spin-polarized d DOS at the Cu surface of a Co/Cu bilayer whose alteration upon molecular adsorption could also involve magnetic hardening effects. [22, 23] This origin of the spinterface formation in terms of a spin-polarized density of d states at a noble metal surface naturally extends to Au surfaces, which do not freeze the spin state of a spin crossover molecule upon adsorption. [24] To summarize our work, by performing spin-resolved photoemission spectroscopy experiments on MnPc molecules separated from FM Co by a Cu interlayer, we have observed a highly spin-polarized organic spinterface at RT close to the Fermi level. The effect is only weakly changing with Cu thickness and persists at least up to 10 ML Cu spacer thickness.
These experimental results are supported by our ab-initio calculations, which show that the Submitted to interfacial Cu 3d DOS in the Cu/MnPc spinterface atop Co is significantly spin-polarized and hybridized with the MnPc's p states. Our work relaxes the industrially constraining requirements of ultrathin Cu with ML thickness control suggested by our previous attribution of IEC as a driver of the spinterface formation. [11] This reinforces the NM/molecule spinterface atop FM as a promising, industrially flexible path to assembling organic spinterfaces using a wider array of molecular and ferromagnetic metal candidates whose properties or deposition conditions otherwise appear orthogonal to achieving such interfaces.
We emphasize in particular that electronically fragile molecular properties such as spin crossover can be maintained upon adsorption onto noble metal surfaces. [24] This will help affirm the full chemical engineering potential of organic spintronics.
Looking ahead, our work also opens exciting prospects into spin chain-driven device physics. Indeed, the demonstrated robustness of the NM/molecule organic spinterface atop FM suggests that it may also stabilize the correlations in the magnetic fluctuations [19] within a molecular spin chain atop this spinterface. By reducing the magnetic coupling between FM and molecule thanks to the NM spacer, electrical manipulation of the spinterface [33, 34] and the spin chain may be more easily distinguished. Furthermore, one can utilize the welldocumented [25] spin transfer torque properties of the FM/NM bilayer to more precisely understand the fundamental interaction between the spin-polarized current and the spin chain's excited states within a solid-state device (e.g. in a well-crafted operando experiment [35] ), with important mid-term repercussions for our information and communications technology society.
Methods
The spin-resolved photoemission experiments were performed on the CASSIOPEE beamline at Synchrotron SOLEIL using horizontally polarized photons of 20 eV energy impinging upon the sample at 45 o . Photoelectrons are acquired in normal emission geometry.
Submitted to The energy resolution is 130 meV. The measurement of the spin polarization is done through a Mott detector, which exploits the left-right asymmetry A of electron scattering due to spinorbit coupling. [36] The effective Sherman factor S of the Mott detector is 0.12. To eliminate any experimental asymmetry (e.g. due to a misalignment of the electron beam with respect to the Mott detector), photoemission spectra for opposite magnetization directions are measured.
The spin polarization component P perpendicular to the scattering plane is given by P=A/S.
The spin-up and spin-down intensity spectra are obtained, because of P=(I up -I down )/(I up +I down ), as follows: I up =(I/2)(1+P) and I down =(I/2)(1-P) with I the spin-integrated photoemission signal.
Prior to any deposition, the single-crystal Cu(001) substrate is cleaned by several cycles of Ar-ion sputtering and annealing at 800 K. Then, a FM film of Co is first deposited at room temperature from a Co rod heated by electron beam bombardment. We note that the film system Cu(001)//Co has been extensively investigated in the past (see Refs. [37] [38] [39] [40] ). As a second step, a Cu spacer layer is deposited onto the Co film at room temperature. We emphasize that this is a well-studied system exhibiting layer-by-layer growth. [41] The Cu thickness was calibrated by Reflection High Energy Electron Diffraction (RHEED). In the third step of the sample preparation, MnPc molecules are deposited by radiative heating onto the Cu film at room temperature. The evaporation rate is controlled by a quartz microbalance.
The thicknesses of the molecular layers are determined by Auger electron spectroscopy.
Scanning tunneling microscopy (STM) studies (see SI) show that the MnPc molecules remain intact when deposited onto a Cu(001) surface.
The density functional theory (DFT) calculations were carried out by means of the VASP package [42] and the generalized gradient approximation for exchange-correlation potential as parametrized by Perdew, Burke, and Ernzerhof. [43] We used the projector augmented wave (PAW) pseudopotentials as provided by VASP. [44] The van der Waals (vdW) weak interactions were computed within the so called GGA-D2 approach developed by Grimme [45] and later implemented in the VASP package. [46] A kinetic energy cutoff of 450 eV Submitted to has been used for the plane-wave basis set. E-E F (eV)
